We report the first demonstrations of both quadrature squeezed vacuum and photon number difference squeezing generated in an integrated nanophotonic device. Squeezed light is generated via strongly driven spontaneous four-wave mixing below threshold in silicon nitride microring resonators. The generated light is characterized with both homodyne detection and direct measurements of photon statistics using photon number-resolving transition edge sensors. We measure 1.0(1) dB of broadband quadrature squeezing (∼4 dB inferred on-chip) and 0.70(1) dB of photon number difference squeezing (∼6 dB inferred on-chip). Multi-photon events of over 10 photons are detected with rates exceeding any previous quantum optical demonstration using integrated nanophotonics. These results will have an enabling impact on scaling continuous variable quantum technology.
INTRODUCTION
Squeezed light is an essential resource for quantum optical information processing. Continuous variable (CV) photonic architectures for quantum computation and simulation [1] demand high quality scalable devices for generating squeezed light, which is the fundamental building block for many photonic quantum information processing applications. These include CV quantum computation [2] , Gaussian boson sampling [3] , molecular vibronic spectrum simulations [4] , and quantum embeddings of graph problems [5, 6] . Squeezed light can also be used to enhance optical sensing near the quantum limit [7] . A natural platform to explore for such scalable squeezed light sources is integrated photonics: the stability and repeatable manufacturability offered by modern lithographic techniques hold much promise for realizing useful quantum technologies at scale. The integration of quantum light sources is especially important in continuous variable encodings for quantum computation, due to their phase sensitivity.
Progress to date on chip-integrated squeezing has been limited. Lenzini et al. [8] and Stefszky et al. [9] have demonstrated devices based on low index contrast lithium niobate waveguides with large cross-sections, using periodically poled waveguide segments for squeezed light generation, in combination with linear optics on a monolithic chip. While this platform is attractive for its high second-order nonlinearity and electro-optic response, as well as its ease of integration with fiber components [10] , currently it lacks the scalability offered by nanophotonic systems: the low transverse confinement prohibits the monolithic integration of high-depth circuits with hundreds of optical elements. Dutt et al. [11, 12] made the first forays into high index contrast nanophotonic systems for squeezing, and demonstrated intensity difference squeezing from a silicon nitride microring optical parametric oscillator (OPO) driven above threshold. However, quadrature squeezing was not demonstrated, and the demonstrated "twin beam" type squeezing above threshold is necessarily accompanied by bright classical mean fields and very high levels of excess noise, rendering it incompatible with applications that require photon counting.
Here we report what are, to the best of our knowledge, the first demonstrations of quadrature squeezed vacuum generated on a nanophotonic platform, using spontaneous four-wave mixing (SFWM) in silicon nitride microring resonators [13, 14] . We measure the variance of all quadratures of the squeezed modes with balanced homodyne detection, and we also verify the compatibility of this source with photon counting experiments by directly measuring the photon statistics of the output using photon number-resolving transition edge sensors (TES) [15] . We begin in Sec. 2 with an overview of the device and nonlinear dynamics that give rise to squeezing. We then describe our quadrature and photon number measurements respectively in Secs. 3 and 4. A discussion of these results, their implications, and next steps can be found in Sec 5, and our conclusions in Sec. 6.
DEVICE DYNAMICS
The device is simple: both quadrature and photon number difference squeezing are generated in silicon nitride microring resonators point coupled to channel waveguides, with microheaters overlaid for resonance wavelength tuning and stabilization. Fabrication was carried out by a commercial foundry (Ligentec SA 1 ). The waveguide geometry consists of a stoichiometric Si 3 N 4 800 nm x 1000 nm wire, fully clad in SiO 2 . This platform was selected for its low linear propagation loss, lack of two-photon absorption, and high third-order nonlinear pa- 1 We use trade names to specify the experimental procedure adequately and do not imply endorsement by the National Institute of Standards and Technology. Similar products or services provided by other manufacturers or vendors may work as well or better rameter of approximately 1 (Wm) −1 . To generate squeezing, SFWM was employed: a single strong pump (but weak enough to stay below any OPO thresholds), resonant with one of the ring resonances, generates multi-mode squeezed vacuum in a comb of neighbouring resonances (Fig. 1) . The nonlinear Hamiltonian H NL describing the interaction between the pump mode and a particular pair of signal and idler resonances is given by [16] 
where b x is the annihilation operator associated with the resonator mode x ∈ {P, S, I}, representing the pump, signal, and idler modes, respectively. Here Λ is a coefficient representing the nonlinear coupling strength between the modes, and is well approximated by Λ ≈hωv 2 g γ NL /L, where ω = (ω 2 P ω S ω I ) 1/4 , v g is the group velocity, γ NL the waveguide nonlinear parameter, and L the resonator round trip length.
The first term in (1) leads to SFWM, in which two pump photons are annihilated and a pair of signal and idler photons are generated; taken to higher order, this process generates a squeezed state involving the signal and idler [17, 18] . For a strong coherent and continuous wave (CW) input pump field we may treat the intraresonator pump classically, and replace b P by its classical expectation value β P = β P e −i(ω P +∆ P )t , where β P is a constant and ∆ P the input pump field detuning from resonance. The effects of self-and cross-phase modulation (SPM and XPM, respectively), represented by the last two terms in (1), then manifest as pump power-dependent frequency shifts of the pump, signal, and idler resonances ( Fig. 1(c) ). 2 Since the waveguides used in our devices operate in the normal dispersion regime, these frequency shifts are detrimental for a single pump configuration, as they lead to an energy mismatch of the resonance frequencies away from the ideal operational point for SFWM of 2ω P = ω S + ω I . Despite this, significant squeezing at modest input power levels was still achieved without dispersion engineering.
The statistics of the output signal and idler fields can be calculated using cavity input-output theory [19] ; full details are available in the Supplementary Material. In the subsequent sections we examine the measured quadrature and photon number statistics from the device, and compare with the predictions based on this theory.
QUADRATURE SQUEEZING
Since the SFWM interaction is of the form b † S b † I , the quantum state of the resonator output can be characterized as a two-mode squeezed vacuum state subjected to loss; this loss arises both from the imperfect escape efficiency of the cavity, as well as "downstream" losses such as chip outcoupling, post-chip fiber components, and detector inefficiency. This state can also be understood as a product of two single-mode squeezed states, each having frequency support at both the signal and idler resonances, i.e., in modes described by annihilation operators
In what follows we adopt this perspective, and study the quadrature statistics of these composite bichromatic modes [20, 21] . Normalizing the quadrature variance of the vacuum state to unity, the maximum and minimum quadrature variances V ± associated with a bichromatic mode in the output channel of the resonator having equal support at the signal and idler frequencies can be expressed as
where η is the net collection efficiency (including the ring escape efficiency and all collection and detection losses), and g is a dimensionless gain parameter defined as g = Λ|β P | 2 /Γ, with Γ the dissipation rate of the signal and idler cavity modes (assumed for simplicity to be equal). This dissipation rate can be estimated from the full loaded quality factor Q associated with a resonance at frequency ω via Γ ≈ ω/(2Q). Note that here we assumed the pump frequency is adjusted at each fixed input power to follow the pump resonance as its frequency shifts due to SPM and thermal effects. Doing so avoids crossing the OPO threshold at any power, and maintains the linear scaling of intraresonator circulating power with pump input power [22] . To measure the quadrature variances V ± of the modes of interest, balanced homodyne detection was performed on the device output. The experimental setup is illustrated in Fig. 2(a) : a CW pump is coupled into the chip (and light extracted) via ultrahigh numerical aperture (UHNA7) fibers manually aligned to low-loss edge couplers; index matching gel is used to reduce reflections at the interface. In the chip the pump excites a single resonance of the microring and generates squeezed light across multiple signal and idler pairs. One such pair of signal and idler modes is selected by off-chip wavelength filters for analysis, while the remaining pump light after the chip is monitored and used for feedback to stabilize the microring resonance frequency. Since the signal and idler resonances are separated in frequency from the pump by ∼190 GHz, beyond the capabilities of photoreceiver electronics, it was necessary to generate a bichromatic local oscillator [21] with frequency support at both ω S and ω I , coherent and phase stable with respect to the pump. To do so, two separate CW lasers were tuned to the signal and idler frequencies and phase locked to each other, and to the pump, by beating them independently against the teeth of an optical frequency comb derived from a portion of the pump using a fast electro-optic modulator. This produced a bichromatic local oscillator that is phase stable relative to the pump to within 4 • RMS. The bichromatic local oscillator was then combined with the signal and idler light on a tunable fiber beam splitter set to 50/50 splitting ratio, with the outputs incident on a commercial fast balanced amplified differential photoreceiver (Wieserlabs BPD1GA) with 1 GHz bandwidth. The difference photocurrent fluctuations were monitored on an electrical spectrum analyzer. As the local oscillator phase is ramped, the variance of different quadratures ( Fig. 2(b) ) can be identified relative to the shot noise level, which is measured by disconnecting the chip output. The shot noise level was 13 dB above detector dark noise for these measurements. This process was repeated for a range of input pump powers, yielding the curves presented in Fig. 2 (c). Approximately 1.0(1) dB of squeezing is observed at the maximum input power at a sideband frequency of 20 MHz. Considering the estimated collection and detection losses, and assuming that there is indeed no appreciable excess noise, we estimate that about 4 dB of squeezing is available at the microring output on-chip; though this inference is affected significantly by the uncertainty in the loss estimate. The squeezing is limited both by available pump power, and by the finite escape efficiency of the resonator (∼75%). We also note that the squeezing is broadband, limited by the resonance linewidths; appreciable squeezing was observed at sideband frequencies as high as 1 GHz (limited by the detector bandwidth), as shown on the squeezing spectra illustrated in Fig. 3 .
Apart from losses and limited pump power, another factor that can limit squeezing is the presence of excess noise added by processes other than parametric fluorescence. This is especially a concern for squeezing generated by third-order nonlinear optical interactions, in which the pump frequency is much closer to the measurement bands than is the case with downconversion-based squeezers. Indeed, our initial attempts to measure squeezing from similar devices within the pump resonance itself using fully degenerate four-wave mixing, based on the proposal of Hoff et al. [23] , were hampered by strong excess noise contributions even at sideband frequencies exceeding 500 MHz. 3 We attribute this to thermorefractive fluctuations: though such contributions are usually only analyzed within a few MHz of the pump frequency, for the pump powers required to generate squeezing, thermorefractive fluctuations can scatter a non-negligible amount of light to much higher frequency sidebands. Recent work [25, 26] suggests that such noise can be measurable even at THz offsets from the pump. Aside from thermorefractive contributions, spontaneous Raman scattering may also be present. Therefore it is important to assess the presence of excess noise generated in the ring within the squeezing band.
To gauge whether excess noise processes contribute to the measured variance, as shown in Fig. 2(c) we fit the measured behaviour of the variances V ± to a theoretical model which assumes only SFWM and loss, and no sources of excess noise. The same is done for the squeezing spectra exhibited in Fig. 3 . From the agreement of the fits with the data, we conclude that, within our measurement precision and at the pump power levels used, a model with no excess noise is adequate to account for the measured quadrature variances; our results can be explained very well by a squeezed vacuum state subjected to loss. Furthermore, the degree of loss inferred from the data is consistent with estimates based on direct loss measurements. We note that at the highest powers used, a very slight drop in the squeezing was observed; however, this is expected from the rapid growth of the noise in the anti-squeezed quadrature, which at finite phase precision negatively impacts the observed squeezing levels. More study is needed with improved phase precision to better assess this effect. 
PHOTON NUMBER CORRELATIONS
While homodyne measurements are vital to assess quadrature squeezing, for many applications it is also important to verify the compatibility of a squeezed light source with photon counting. Homodyne detection provides exquisite mode selectivity of the probed quantum state, whereas most photon counting schemes are limited in their ability to extract information from only a single well-defined field mode without incurring unacceptably high losses. For example, at the powers required to generate squeezing, one might be concerned that broadband spontaneous Raman scattering of the bright pump [27] (either in the chip or in the various fiber components through which the pump must propagate) might place unreasonable spectral filtering requirements on the signal and idler paths, adding losses that would destroy quantum correlations. An affirmative statement regarding the compatibility of a squeezed light source with photon counting therefore relates to both the experimental context as well as to the dynamics of the process that leads to squeezing.
To verify the compatibility of our squeezed light source with photon counting, we performed photon number-resolving detection on the device output, using an identical microring device on a separate chip. As illustrated in Fig. 4(a) , the generated signal and idler were first separated and filtered by wavelength division multiplexing components (WDMs) yielding a total extinction of above 120 dB at the pump wavelength, while incurring less than 2 dB of loss on the signal and idler. The output was then coupled to superconducting transition edge sensors [15] , which provide photon number resolution up to about 10 photons per channel. The CW pump was chopped to a train of rectangular 50 ns pulses at 50 kHz repetition rate to avoid saturating the detectors; the timescales associated with these pulse characteristics are much slower than any of the dynamical timescales associated with the resonances and SFWM process, so the pump can still be considered as quasi-CW. The number of signal and idler photons detected in each pulse window was recorded for a range of pump powers, and the photon statistics analyzed.
For a lossy parametric fluorescence process without excess noise we expect the variance of the photon number difference V ∆n per pulse between the signal and idler to satisfy
where η is the total collection efficiency and n tot = n S + n I the total average photon number detected in the signal and idler. For a coherent state, this variance is precisely equal to n tot ; thus a reduction in the slope of V ∆n as a function of n tot from unity is associated with a quantum correlated signal and idler, which we refer to as photon number difference squeezing. In Fig. 4 (b) the measured behaviour of V ∆n as a function of n tot is plotted for both coherent state inputs and for the generated signal and idler from the microring device. A reduction in the slope to ∼0.85 is observed, representing clearly evident photon number difference squeezing. At the highest powers (i.e., for measurements with the best signal-to-noise ratio) the ratio V ∆n /n tot is suppressed to 0.85, representing 0.70(1) dB of number difference squeezing. This ratio, sometimes referred to as the "noise reduction factor" [28] , is a metric for nonclassicality [29] , with a value below unity indicating a nonclassical state. For lower powers resulting in n tot < 1, the signal-to-noise ratio (likely limited by pump light leakage and broadband linear scattering processes) worsens and the squeezing degrades (inset in Fig.  4(b) ), though a sub-unity noise reduction factor is still observed even for the lowest powers used. Improved filtering should raise this signal-to-noise ratio at low powers and permit number difference squeezing to be observed even for very low n tot . Unlike quadrature squeezing, in principle the magnitude of photon number difference squeezing is not gain limited: for an ideal lossless SFWM process V ∆n = 0 for all pump powers (assuming perfect detection efficiency), as signal and idler photons are always created in pairs. Thus the degree of number correlations on the chip is limited only by the finite escape efficiency of the resonator, and from this we infer that ∼6 dB of such correlations are available on-chip. A notable feature of this experiment is the high rate at which correlated multi-photon events are detected: at the maximum power used, tenfold coincidence events were detected at rates exceeding 100 counts/s. In contrast, quantum photonic technologies based on chip-integrated parametric single photon sources must operate in the weakly driven regime, in which the probability of generating a photon pair is quite low, often well below 1%. As such, applications requiring multiple photons typically suffer from extremely low count rates. Our results demonstrate that many-photon states can be generated in a nanophotonic platform at much higher rates, motivating progress on applications that demand squeezed light sources, rather than single photons.
DISCUSSION
A number of features of our device remain to be optimized. As with most integrated quantum optical devices, losses are the primary factor that limit performance. In our case the ∼1.5 dB of coupling losses associated with extracting the squeezed light to a fiber limits the squeezing obtainable off chip (assuming a new device with perfect ring escape efficiency, and assuming perfect collection and detection efficiencies) to about 5 dB for both quadrature and photon number measurement contexts. In addition, improving on-chip propagation loss would result in higher resonator quality factors, improving the power efficiency of the source and also enabling higher escape efficiencies to be realized, leading to better squeezing. We estimate that bestreported microring resonator devices are capable of generating 10 dB of squeezing with under 100 mW of pump power [18] .
Other key improvements to be made are related to the mode structure of the generated squeezed light. Firstly, for many applications it is convenient to have a single "degenerate" squeezed mode confined to a small frequency range, rather than distributed over a pair of signal and idler modes. This can be accomplished in our device by employing a dual pump scheme [18] , which has already been used for degenerate photon pair sources [30, 31] and OPOs [32] . However, care must be taken with such a device to suppress spurious SFWM processes involving the squeezed resonance and unwanted resonances; without such a suppression scheme, an appreciable amount of excess noise is predicted to contaminate the output. In addition, for applications involving photon counting it is frequently necessary to use a source that provides squeezed light in a single welldefined temporal mode [28] , and vacuum in all other modes that overlap in frequency with those used. Doing so requires the Schmidt number [28] of the device output to be close to unity; this can be accomplished by a combination of quality factor engineering and employing pump pulses with duration shorter than the dwelling time of the squeezed resonance modes [33] . Improvements in both these areas, along with optimization of loss and power efficiency, are targets for future work.
CONCLUSION
In summary, we have demonstrated both quadrature squeezing and photon number difference squeezing generated in a nanophotonic device based on simple silicon nitride microring resonators. The results indicate that, at the requisite pump powers, little or no excess noise from unwanted nonlinear processes is evident in the quadrature squeezing context, as exhibited by the close agreement of experimental results with theoretical modeling that incorporates only third-order parametric nonlinear interactions and loss. The same is true for photon number difference squeezing at high mean photon numbers, although improvements in filtering are necessary to extend this to very low mean photon numbers. Future work should focus on optimization of the device for escape efficiency and coupling losses, as well as to support pulsed pumping to produce squeezed light in a single temporal mode. We believe these results will establish integrated nanophotonics as a promising platform for develop-ing scalable quantum technologies utilizing continuous variable encodings.
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QUADRATURE VARIANCE MEASUREMENT A. Detailed Experimental Apparatus
The quadrature variance measurement (Fig. 2(a) of main text) is performed using three resonances of the microring that span a bandwidth of 3 nm. The central resonance of the microring is pumped by a fiber-amplified external cavity diode laser (ECDL). Amplified spontaneous emission generated near the signal and idler frequencies is filtered out by a WDM filter placed at the input of the chip. A polarization controller on the pump fiber aligns the input polarization to the TE mode of the on-chip waveguides.
The frequencies of the microring resonances can be tuned using an integrated microheater, and are actively stabilized to the pump wavelength through a side-of-peak lock. The transmitted pump beam is separated from the generated signal and idler wavelengths using an (off-chip) WDM filter, and its extinction is monitored on a photodetector. This signal is sent through a PID filter and fed back to the integrated heater to stabilize the microring resonances to the pump frequency.
The filtered signal and idler photons are carried over the same optical fiber, to a tunable beamsplitter where they are interfered with the bichromatic local oscillator (LO) for balanced homodyne detection. The bichromatic LO is generated by combining light from two ECDLs operating at the signal and idler wavelengths as shown in Fig. 1 . Variable attenuators and polarization controllers placed inline with each LO provide independent power and polarization control of the two beams at the balanced homodyne detector. The power in each LO beam is independently adjusted to provide 10 dB of shot-noise clearance above the electronic noise floor of the homodyne detector. The shotnoise of the resulting bichromatic LO is thus 13 dB above the detector noise floor (see Fig. 2 ). Their polarizations are also independently adjusted to align with those of the generated signal and idler at the detector. A pair of phase-locked loop (PLL) controllers stabilize the phases of these beatnotes to a ω r = 2π × 100 MHz reference clock by feeding back on fast current modulation ports present on both the signal and idler ECDLs. The reference clock is derived from the same synthesizer that modulates the pump, to avoid adding excess phase noise to the PLL. Our feedback scheme suppresses relative phase noise between the pump and LO beams to within 4 • RMS and ensures that the signal and idler LOs are symmetrically split about the pump frequency as illustrated in Fig. 1 .
The squeezing measurement presented in Fig. 2 of the main text is performed by analyzing the homodyne detector output on an RF spectrum analyzer, as the phase of the bichromatic LO is varied using a fiber-strecher. The noise level at 20 MHz is measured with a resolution bandwidth (RBW) of 1 MHz and a video bandwidth (VBW) of 300 Hz, while the LO phase is ramped at an approximate rate of 2π s −1 . The squeezing spectrum measurements presented in Fig. 3 of the main text are performed under similar conditions, while recoding the maximum and minumum values of the noise level at each sampled frequency.
B. Theory
Equations to which the data is fit are derived as follows. Adding the appropriate channel-ring coupling Hamiltonian 
where ψ x in are channel mode operators with input-output relations
and φ x in are "phantom channel" mode operators that allow one to include additional sources of loss easily.
where ∆ is an effective detuning including pump detuning from resonance as well as the power-dependent effects of self-and cross-phase modulation. The channel operators satisfy the commutation relations
Equations Eq. (1) are readily solved as
and can then be used, along with Eqs.
(1), to solve for the moments
or
up to an inconsequential global phase on M xy (Ω, −Ω).
. Finally, we solve for the general quadrature variance at sideband frequency Ω relative to that where the signal is maximal with a bichromatic LO
where the φ x are local oscillator phases,N (Ω,
It has a form similar to that using a single local oscillator, as expected from bichromatic LO theory [2] . ForΓ S =Γ I ≡Γ, η S = η I ≡ η, andΓ S =Γ I ≡Γ, the variance can be written as
where we have put β P 2 Λ/Γ = g.
We note that our derivation parallels previous work on squeezing in χ (2) optical parametric oscillators [3] [4] [5] , however there are two important differences. The first is that because we consider a χ (3) process, g depends linearly on the number of pump photons (or, equivalently, the pump power) rather than its square root. The second is that a common consideration, when there are no power-dependent terms in ∆, is to work such that ∆ = 0 and thus, maximizing/minimizing over φ S + φ I , denoted with the superscript ±,
Yet here, we are able to track the shifts due to self-and crossphase modulation and work such that ∆ = gΓ, leading to
exactly as in Eq. (2) of the main text. Note that here, unlike in Eq. (9), g is not constrained to be ≤ 1.
PHOTON NUMBER MEASUREMENT A. Detailed Experimental Apparatus
A detailed schematic of the setup used in the photon number experiments is shown in Fig. 3 . The setup comprises of four main parts: the pump source preparation, chip input filtering, the photonic chip coupling and control, and the post chip filtering and data acquisition. We will elaborate on the construction of these parts further below.
In the pump section a continuous wave external cavity laser (Toptica CTL) is pre-amplified with an Erbium Doped Fiber Amplifier (EDFA) to 300 mW and sent to a 20 GHz Mach-Zehnder Modulator (MZM, Optilab IM-1550-20). The DC setpoint of the modulator is set to null transmission in a closed feedback loop through the use of a bias board (Optilab BCB-1), with a 1 % tap of the output of the Modulator being measured at a photodetector as the input signal (PD1). An electrical pulse train drives the RF input of the Modulator (PG), with a pulse width of 50 ns and a repetition rate of 50 KHz being generated by an arbitrary waveform generator (Siglent SDG 6052X). The pulse train has a stable extinction ratio above 30 dB, attained through the use of the bias board and alignment of the input polarization state with PC1. The pulse train was then further amplified using a pulsed amplifier (Pritel FA-23) to an average power of a few 10s of mW. The overall input power to the chip was controlled with a computer controlled variable optical attenuator (VOA1) with a fixed attenuation uncertainty of 0.1 dB and attenuation precision of 0.001 dB (VIAVI mVOA-C1).
After the pump source a bank of filters were used to remove unwanted residual photons from the pump light. The filters consisted of the following: two 980 nm filters (Thorlabs WD9850AB), required due to the pumping diodes in the EDFAs, followed by two 100 GHz WDMs centered around the pump at 1549.9 nm (Opneti 100 GHz DWDM), which reject Amplified Spontaneous Emission (ASE) from the amplifiers, as well as spontaneous Raman scattering generated in the fiber patch cords in the setup. Each WDM provides greater than 80 dB rejection close to the passband, with a typical insertion loss of 0.5 dB. The fiber pigtail output of the final WDM was spliced down to minimize generated Raman being injected into the chip.
The filtered pump pulses were coupled to the chip using 2.5 µm mode field diameter lensed fibers (OZ Optics), mounted on multi-axis stages (Newport 562F) equipped with stepper motor actuators with 25 nm resolution (Zaber LAC10A). The insertion loss was monitored using optical power meters (Thorlabs PM100USB) located before and after the filtering stages (PM1, PM2), with the chip coupling bypassed to provide a reference measurement. During the experiment the laser was side-of-peak locked to the ring resonance, through the use of a feedback signal generated from an FPGA board (Red Pitaya 125-14 running PyRPL 0.9.4 [6] ) actuating the piezo input of the laser controller (Toptica DLC Pro). An alternative configuration using the onchip micro heater for feedback was also used during the testing phase. When the pump power was swept for the experiment, using VOA1, the input power to PD2 was controlled with VOA2 to prevent saturation of the FPGA analog-to-digital converter. To ensure consistent behaviour for the measurements, the setpoint of the side-of-peak lock was calibrated for each separate pump power. The input polarization to the chip was optimized to maximize the extinction of the pump resonance of interest, using PC2.
To ensure that only generated light is measured on the TES detectors a series of WDM multiplexers are required after the chip to reject the pump and direct the two desired frequency channels to separate detectors. Each WDM consists of an input "common" port (C), the transmitted passband (P) and a reflection port (R). As shown in Fig. 3 , the reflected light from the initial WDM, aligned to the signal frequency (SIG), is input to the common port of another WDM which is aligned to the idler frequency (IDL). The reflected light from this WDM contains the pump frequency, which is used in the locking setup described above. A second WDM at both the idler and signal frequencies is used to ensure the pump is sufficiently rejected in the bands of interest. The 190 GHz free spectral range of the micro-ring resonances ensures that only a single resonance is within the passband of the 100 GHz WDMs. The loss of the two paths of the signal and idler was ∼ 1 dB.
Finally, the temporal traces of the TES detectors were acquired using a DAQ card (AlazarTech ATS9440), which was triggered (TRIG) with the same pulse generator used for generating the chopped pump pulses. The temporal window of 5 µs contained a single pulse response from the detectors. In the next section we detail the processing of the acquired time traces to determine the photon number of individual measurements.
B. Data Acquisition and Processing
Our data consists of sets of 800000 voltage traces V = {v i (t)} in each of two channels, where each set corresponds to a different controlled amount of attenuation between source and detector. To assign a photon number to an individual trace in each set, first we follow Ref. [7] and perform a principal component analysis on each set V , which amounts to solving for the eigenvectors ofṼ TṼ , whereṼ is the data set with its mean trace subtracted. Calling these mean-subtracted tracesṽ i (t) and their respective first principle component PC (t), this enables ordering of the v i (t) within each set according to ṽ i (t) PC (t) dt ≡ s i . We then construct a histogram of the s i with 223(∼ √ 800000/4) bins, and observe that they naturally cluster (see Fig. 4 ). We associate these clusters with discrete photon numbers, and determine the s i ∈ S boundaries for discretization by fitting a sum of Gaussians to the histogram and solving for their points of intersection. Having "digitized" the v i (t) for each channel, it is then a simple matter to determine the mean photon number of the sum of the two channels n tot = N S + N I as well as the variance of the photon number difference of the two channels V ∆n = V N S −N I . We estimate that the largest source of error associated with this procedure arises from traces with an s i much larger than the Gaussian centered at the largest s i , as all of these traces will be assigned photon number n when they more likely correspond to n + 1 or even n + 2. However, we calculate that they form less than 0.04% of the traces in any given set, and therefore lead to error bars on data presented in Fig. 4 of the main text too small to be seen by eye.
Consideration of other sources of error in this type of procedure is a difficult and relatively new problem, prime for future study. In the present work we consider each value of n tot as a separate, uncorrelated, measurement of V ∆n /n tot , and therefore use the standard deviation of this quantity for our coherent state data σ V/n as an estimate of the error associated with each point in a plot of V ∆n /n tot vs. n tot (see inset to Fig. 4 of the main text). We consider only the coherent state data, as it is clear from the inset that it does have some statistical spread, whereas the squeezed state data instead follows a trend that we attribute to an improvement in the signal to noise ratio for higher pump powers; some of this may also be explained by a modest degradation in coupling efficiency as time progressed and we moved from higher to lower mean photon numbers. Errors in the plot of V ∆n vs. n tot are estimated as σ V/n × n tot .
Finally, we explore the theoretically expected quadratic scaling of n tot with pump power for spontaneous four-wave mixing (SFWM) in a ring resonator when the pump detuning is locked to a ring resonance that moves due to self-and cross-phase modulation [1]. In Fig. 5 we plot the logarithm of n tot as a function of the logarithm of injected pump power to the ring P P for values of n tot > 1 and observe that it is nearly quadratic, with a slope larger than 1.8. The fact that it is less than 2 is suggestive of a linear noise process occurring concurrently with the desired SFWM, e.g. Raman scattering.
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C. Theory
To calculate the expected slope of V ∆n vs. n tot , we first write the state generated on chip as the two-mode squeezed vacuum |ψ = e ∑ r a † S a † I −H.c. |0 S |0 I , (11) for which the number operator in either the signal or idler channel is
Introducing loss with transmission factors η x we have a †
x a y = δ xy δ η x sinh 2 r , a x a y = 1 − δ xy δ √ η x η y sinh r cosh r .
We can thus solve for the photon number difference variance 
or, when η S = η I ≡ η,
